Rapid and efficient cooling is the most important therapeutic objective in patients with heat stroke (HS). This article reviews the mechanism of action and rationale for the use of dantrolene as a potential supportive cooling method in the treatment of HS. Relevant studies were included to support discussion of the role of dantrolene for the treatment of HS. In some studies dantrolene was shown to accelerate cooling rate when administered after the development of exertional HS. Dantrolene was also found to be effective in reducing the extent of HS signs when given as pretreatment in an animal model. Accumulated data do not support the routine use of dantrolene as an adjuvant cooling technique in HS, but administration of this drug in severe cases, or in which no improvement is observed, appears rational. Further trials are needed in order to assess the true effectiveness of dantrolene in HS.
Introduction
Hyperthermia is defined as any core temperature rise to above the hypothalamic set-point at which heat-dissipating mechanisms are impaired. Normal core temperature values are in the 36.5-37.5°C range at rest and can rise to 40°C during strenous exercise. Hyperthermia is usually caused by an imbalance between total heat (metabolic and environmental heat) accumulated and total heat lost from the body. Hyperthermia per se may be physiological and can be compensated for (as in the moderate elevation in core temperature that occurs in an exercising and otherwise asymptomatic individual), or it may be pathophysiological but generally well tolerated. It may also be associated with adverse pathophysiological consequences such as inability to continue physical exertion (heat exhaustion). At the extreme, hyperthermia represents a state in which the elevation in core temperature is either already accompanied by organ injury or is sufficient to produce such injury if left untreated.
Several syndromes have been reported to be associated with extreme hyperthermia, including malignant hyperthermia (MH), neuroleptic malignant syndrome (NMS) and heat stroke (HS). The mainstay of treatment of these syndromes includes the administration of basic resuscitative measures together with simultaneous cooling aimed at reducing body temperature [1, 2] . Cooling may be achieved by several methods, such as immersion in cold water and evaporation of water over the skin [3] [4] [5] [6] [7] . Because heat is primarily produced by hyperactivity of muscles in the various syndromes, dantrolene sodium, a muscle relaxant, has also been suggested to accelerate cooling [8] [9] [10] . In MH, dantrolene administration resulted in a rapid reduction in mortality rate, and therefore it is now considered an essential part of treatment in this syndrome [11] [12] [13] . Dantrolene has also been recommended for the treatment of NMS [14] . To date, no drug has shown significant efficacy in improving the outcome of patients with HS.
Review
Clinical review: Treatment of heat stroke: should dantrolene be considered?
Experience with dantrolene use in HS is in its initial phases (Tables 1-3 ). In some studies a possible benefit from dantrolene treatment was reported, whereas in others it was not found to be effective [15] [16] [17] [18] [19] [20] [21] [22] . We reviewed relevant studies concerning dantrolene use in HS in order to establish its role in the treatment of this condition.
Studies included in this review were identified by means of a comprehensive Medline search, limited to the English language literature, using the following keywords: 'dantrolene' and 'hyperthermia' or 'heat'. Each article identified was further examined for relevancy.
Dantrolene
Dantrolene sodium is a hydantoin derivative. It acts directly on muscle contractile elements, attenuating the amount of calcium released from the sarcoplasmic reticulum of skeletal muscle to the cytosol [23] [24] [25] . As a result, calcium dependent excitation-contraction coupling and consequent muscle contraction are inhibited.
The mean biological half-life of dantrolene in healthy volunteers or patients was reported to range from 6 to 9 hours, with extremes of 3 and 22 hours [25] [26] [27] [28] [29] [30] . It is primarily metabolized in the liver, with 15-25% of the dose administered being excreted by the kidneys [27, 29, 30] . Dantrolene is marketed as Dantrium (Norwich Eaton Pharmaceuticals, Norwich, NY, USA) and can be administered intravenously (in solution with mannitol and sodium hydroxide) or orally.
When dantrolene is used as an emergency therapy, such as in acute hyperthermic syndromes, it is unlikely to cause major adverse effects [25] . However, prolonged use may be associated with undesirable side effects that include weakness, drowsiness, diarrhea and malaise [25] . Hepatotoxicity, which can be irreversible, is also a major concern. The risk for hepatic injury appears to be about twofold greater in females, in patients receiving doses over 300 mg/day and in those treated for over 60 days [31] . In addition, dantrolene sodium solution is highly alkaline (pH 9.6), and intravenous injection may cause extravasation and tissue necrosis [25] .
Heat stroke and 'thermic stress syndrome'
HS is a life-threatening illness characterized by an elevation in core body temperature to above 40°C with central nervous system (CNS) dysfunction that results in delirium, convulsions, or coma [32, 33] in the absence of any other cause of CNS dysfunction, and skin dryness. The affected individual may suffer from a characteristic multiple organ clinical and pathological syndrome caused by temperatureinduced tissue damage [1, 34] . HS results from exposure to a high environmental temperature, in which case it is called 'classic' heat stroke (CHS; or 'nonexertional' HS), or from strenuous exercise, in which case it is called 'exertional' heat stroke (EHS) [34] [35] [36] . CHS is usually seen in the very young or elderly and in poor socioeconomic settings with limited access to air conditioning. EHS is seen more commonly in exercising individuals, for instance soldiers in army training. Further reviews on HS are available [32, 33, [34] [35] [36] .
Epidemiological incidence data for HS are imprecise because of varying definitions of heat-related death and under-diagnosis [35] . One study conducted in urban USA found a variation from 17.6 to 26.5 cases per 100,000 capita. Data from Saudi Arabia show a seasonal incidence pattern, ranging from 22 to 250 cases per 100,000 capita. The crude mortality rate in Saudi Arabia has been estimated at 50%. Treatment consists of immediate cooling and support of organ system function.
Some authors believe that HS, as well as MH and other hyperthermic syndromes, are different manifestations of a broader underlying condition called 'thermic stress syndrome' [9, 10, 15, 17, 37] . This common malady, which is triggered by different mechanisms, is characterized by an extreme elevation in body temperature and CNS dysfunction, which may be complicated by bleeding diathesis, elevated serum enzyme levels and renal failure. Because dantrolene was found to be effective in the treatment of MH and NMS, its usage has also been recommended for the treatment of HS [8] [9] [10] 15] .
Dantrolene use in heat stroke
Two reports from the early 1980s demonstrated a beneficial effect from using dantrolene in HS. Lydiatt and Hill [15] reported on a patient with EHS who responded favourably to dantrolene (4 mg/kg intravenously) after symptomatic therapy had failed. In a case report, Denborough [8] reported that intravenous dantrolene (20 mg bolus) therapy produced rapid recovery in a young soldier suffering from EHS after a march.
In a controlled study, the adjuvant effects of dantrolene in comparison with passive cooling were investigated in a canine model of CHS [16] . Intravenous administration of dantrolene (5 mg/kg) did not significantly improve cooling rates, haemodynamic parameters, pathological changes, or clinical outcome when compared with passive cooling.
Channa and coworkers [17] conducted a study in which 20 EHS patients were randomly assigned to two groups with only one group receiving dantrolene (2.45 mg/kg intravenously). Patients in both groups were cooled either using the Makkah body cooling unit or by 'conventional methods', namely spraying of tap water over the patients while fanning. Cooling rates were found to be significantly higher in the dantrolene group. All patients survived and there was no difference in the incidence of neurological sequelae between the groups.
The effects of dantrolene were also evaluated in 53 patients suffering from CHS [21] . All patients were treated by using a body cooling unit in which atomized water was sprayed over the victim while they were fanned with hot air. In addition, treatment with either dantrolene (2 mg/kg) or placebo was given intravenously after blind, randomized selection. Dantrolene administration did not result in any enhancement of the cooling rate, and there was no significant difference in the number of hospital stays between the two groups. It should be noted that in this study both treatment groups achieved satisfactory cooling in under 1 hour. Therefore, a possible positive effect of dantrolene in extreme cases of HS, in which cooling times might be longer, cannot be ruled out. It should further be noted that in this study Bouchama and coworkers [21] treated their patients with dantrolene and mannitol simultaneously. Thus, it could not be concluded whether the reported positive effects were attributed to dantrolene or to mannitol.
Mannitol may be beneficial in the setting of HS because of its effect on expanding the intravascular volume and reducing tissue injury after ischemia by scavenging oxygen free radicals [38, 39] . In order to address this question, Zuckerman and coworkers [19] designed a randomized controlled study in which heat stroked piglets were treated by one of the following four methods: passive cooling, 'conventional cooling' (intravenous fluid resuscitation, sponging with tap water, mechanical fanning and ice gastric lavage), conventional cooling along with dantrolene, and conventional cooling along with mannitol. Although dantrolene significantly shortened the cooling time when compared with conventional cooling, it did not shorten the cooling time when compared with mannitol. Moreover, it was shown that dantrolene did not improve cardiovascular parameters when administered in addition to conventional methods.
Tayeb and Marzouki [20] investigated whether dantrolene might be advantageous in prophylaxis against HS in exercising sheep. They found that pretreatment with dantrolene (3 mg/kg and 1.5 mg/kg intravenously) caused a significant reduction in body temperature, and decreased the extent of HS signs as well as some of the induced changes in enzymes and hormones. These effects were more significant in the group receiving dantrolene 3 mg/kg than in the group receiving 1.5 mg/kg. The dantrolene group also exhibited a trend toward reduced mortality from HS (0/12) in comparison with the group that did not receive dantrolene treatment (2/6).
Using a rat model of EHS and CHS, Moran and coworkers [18] studied the efficacy of dantrolene both as a prophylactic agent and as a therapeutic drug. Administration of high doses of dantrolene (140 mg/kg intravenously) before heat stress delayed the development of HS in the sedentary animals. Estimated temperatures were lower in the exercising rats that received Dantrolene pretreatment, but this was most reasonably attributed to the limited physical capacity induced by dantrolene. When dantrolene, at the same dose, was administered after the development of HS, it significantly improved the cooling rate in the exercising rats -an effect that was not seen in the sedentary group.
Discussion
The rationale for the use of dantrolene in HS emerged from the overlap in the systemic manifestations of HS and other hyperthermic syndromes, particularly MH. However, some researchers claimed that, although hyperthermia was characteristic of both MH and HS, these syndromes represent two clinical entities with different heat generating cellular mechanisms. Although MH is characterized by muscular rigidity, which causes active heat production, HS usually manifests in the form of flaccidity, and heat production does not continue uncontrolled [17, 40] . Therefore, dantrolene, which uncouples the excitation-contraction sequence heat generating mechanism, may not be beneficial in the treatment of HS. Moreover, MH is a genetically transmitted disease, which is triggered by several depolarizing muscle relaxants or volatile anaesthetic agents [41, 42] . In comparison, to the best of our knowledge, no genetic predisposition has been definitely incriminated in the typical HS patient.
However, several reports suggest a possible link between HS and MH. Tobin and coworkers [43] reported a case of fatal HS in a patient who experienced MH 8 years earlier and speculated whether other HS victims are MH susceptible. An abnormal caffeine-halothene contracture test, which is considered indicative for MH susceptibility, was found in more than 40% of individuals who survived EHS, whereas less than 1% of the general population exhibited this response [44] . It is important to note that adequate recovery time must be given before performing such tests after a bout of rhabdomyolysis. Muscle function takes considerable time to recover and, inferentially at least, so does muscle metabolism. Therefore, care must be taken before relying on post-HS muscle contracture tests. A possible underlying myopathy in EHS patients was demonstrated by Bendahan and coworkers [45] , who found abnormal muscle energetics in such patients by using a 31 P magnetic resonance spectroscopy. Therefore, there is some evidence to suggest that a subset of individuals with HS may also be predisposed to MH. Theoretically, this subset of individuals might continue to have a relatively high level of heat production even after collapse. They may also be at increased risk for EHS because an attenuated muscular efficiency can increase muscular caloric production at the same absolute work intensity. The fact that some individuals with HS might have a contribution of MH-type pathophysiology might also explain why there has been anecdotal evidence suggesting a possible benefit from dantrolene in selected cases.
The above studies indicate that the cooling rate was the only parameter among those evaluated that improved when dantrolene was administered after the development of HS [17] [18] [19] . However, this effect was not demonstrated in all studies. The diversity of results may be accounted for by the models investigated. When dantrolene was administered in an exercising model, it was found to be more effective than in a CHS model. This is not surprising because dantrolene inhibits muscle contraction, which does not play a role in the pathophysiology of CHS.
Collectively, most of the studies suggest that dantrolene is not beneficial in reducing mortality rate when it is given for the treatment of HS. However, survival rates in EHS currently approach 95%, and the studies were not large enough to exhibit a reduced mortality [1, 46] . Moreover, some reports suggest that dantrolene may even prevent death in cases of severe HS [15, 17] . For example, one patient in the study conducted by Channa and coworkers [17] who received dantrolene made a complete recovery in spite of an initial core temperature of 44°C. An EHS patient described by Lydiatt and Hill [15] had a rectal temperature of 42°C for more than 30 min and responded only to dantrolene. Noteworthy, the authors did not state the upper recording limit of their thermometer. If a clinical thermometer has an upper limit of 42°C, then it will record 42°C when the actual temperature is 46°C. Despite successful cooling for 30 min, the thermometer still shows 42°C even though the temperature has been reduced by 4°C. Taking dantrolene at this instant will lead to an impressive, albeit misinterpreted, result.
Some researchers indicated that the relative ineffectiveness of dantrolene in some of the studies may be related to an inadequate dose [21, 47] . Dantrolene was administered in doses of 2-5 mg/kg, which were selected according to recommended protocols with regard to the use of this agent in MH. However, the optimal dose of dantrolene in MH is still questionable. Although Britt [48] reported a complete recovery from MH when dantrolene was used at a dose of 6 mg/kg, others [31] postulated that an increased dose of dantrolene may be associated with hepatotoxicity. The risk for hepatotoxicity is even more concrete in HS patients because the liver is commonly injured in HS and increasing the dose of dantrolene may worsen this hepatic damage. Nevertheless, hepatotoxicity has never been reported in HS victims who received dantrolene.
Despite the absence of outcome-based data, it might nevertheless be pathophysiologically rational to try dantrolene in selected cases. Dantrolene may be beneficial where there is evidence of ongoing excessive heat production, such as in cases of HS that are accompanied by muscular rigidity. In these cases, the apparent HS may be misdiagnosed, and the patient may actually be suffering from MH or NMS. Finally, dantrolene might also have a role to play in limiting muscle injury and its consequences in rhabdomyolysis by impairing calcium release from the sarcoplasmic reticulum [49, 50] .
Loss of calcium homeostasis in muscle cells may be associated with muscle injury resulting from impairment in mitochondrial respiration and ATP production, activation of phospholipase A 2 with production of leukotrienes and prostaglandins, increased production of free radicals, and activation of calcium-activated proteases [49] . Although there is no evidence that dantrolene reduces the extent of muscle injury in EHS, it was found to protect against muscle injury associated with exercise in several studies [51] [52] [53] [54] .
Dantrolene pretreatment reduced the severity of HS signs in an exercising animal model. This effect may be attributed to decreased muscular production of metabolic heat or to an unknown modulation of neurotransmitter release [20] . However, the effect of dantrolene on muscle contracture may result in limited physical capacity. Furthermore, the administration of dantrolene before HS is more theoretical than real because the incidence of EHS is negligible in comparison with the number of individuals who are engaged in physical activity and/or are exposed to heat strain.
Conclusion
Therapy with the accepted MH prophylactic dose of 2-5 mg/kg resulted in a possible benefit from dantrolene treatment in HS in some studies, whereas in others it was not found to be effective. The limited literature does not support the routine use of dantrolene as an adjuvant cooling technique in the setting of HS. Nevertheless, because dantrolene does appear to increase cooling rate, furthur studies are advised for dantrolene use in severe cases or cases in which no improvement is observed with other cooling methods. Wider trials are still needed to evaluate the efficacy of dantrolene in reducing mortality, thereby justifying its use in HS. Noteworthy, dantrolene should not be used as a single cooling method, and its administration should only be in addition to the well established 'conventional methods'.
